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Abstract: The blood-brain barrier (BBB) strictly regulates the substance exchange between the
vascular network and the central nervous system, and plays a critical role in maintaining normal
brain homeostasis. Impaired BBB is often accompanied with the emergence of cerebral diseases
and probably further leads to severe neuroinflammation or even neurological degeneration. Hence,
there is an urgent need to precisely monitor the impaired BBB to understand its pathogenesis and
better guide the enactment of therapeutic strategies. However, there is a lack of high-resolution
imaging techniques to visualize and evaluate the large-scale BBB disruption in pre-clinical
and clinical aspects. In this study, we propose a dual-wavelength photoacoustic imaging (PAI)
methodology that simultaneously reveals the abnormal microvasculature and impaired BBB
within the cerebral cortex. In in vivo studies, BBB disruption in both mice and rats were
induced by local hot-water stimulation and unilateral carotid arterial perfusion of hyperosmolar
mannitol, respectively. Subsequently, the exogenous contrast agent (CA) was injected into the
microcirculation via the tail vein, and photoacoustic (PA) images of the microvasculature and
leaked CA within the cerebral cortex were obtained by dual-wavelength photoacoustic microscopy
to evaluate the BBB disruption. Besides, analysis of distribution and concentration of leaked
CA in lesion region was further conducted to quantitatively reveal the dynamic changes of BBB
permeability. Furthermore, we exploited this approach to investigate the reversibility of BBB
disruption within the two distinct models. Based on the experimental results, this new proposed
approach presents excellent performance in visualizing microvasculature and leaked CA, and
enabling it possesses great potential in evaluating the abnormal microvasculature and impaired
BBB result from cerebrovascular diseases.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Blood-brain barrier (BBB), existing at all-levels cerebral vasculatures, is formed by cerebral
vascular endothelial cells, and strictly separates the central nervous system from blood circulation
[1-3]. An intact BBB is essential for maintaining stable micro-environment and normal brain
function [4]. Numerous investigations have demonstrated that increased BBB permeability is
not only a significant hallmark of the morbidity of various cerebral diseases, including stroke,
brain tumor, epilepsy, cerebral malaria and Alzheimer’s diseases, but also has been directly
linked to the pathogenesis of neuronal inflammation and degeneration [5—10]. Hence, it is of
great importance to realize in vivo visualization of BBB disruption, which enables us establish a
comprehensive understanding of the pathogenesis of cerebral diseases. To date, a wide range of
advanced imaging methodologies have been established to evaluate the BBB disruption, basing
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on detecting the leakage of endogenous components (Albumin, immunoglobulin and fibrinogen
et al.) or exogenous CA (Evans blue, fluorochromes and radiotracers et al.) [11].

Among these methodologies, immunochemistry and immunofluorescence are the gold standard
for detecting the BBB disruption, however, require the preparation of ex vivo sample of brain,
which limits its application in revealing the dynamic process of BBB disruption [12,13]. Magnetic
resonance imaging (MRI), single photon emission computed tomography (SPECT) and positron
emission computed tomography (PET) scanners are the widely applied techniques in both clinical
and pre-clinical stage, profiting from their predominant capacity of noninvasive whole-brain
detection [14—16]. Nevertheless, they more or less suffer from ionizing radiation, low spatial
resolution, poor signal-to-noise ratio (SNR), and expensive cost. A great number of optical
imaging modalities have been developed to visualize the impaired BBB and microvasculature in
pre-clinical studies, including Near-Infrared fluorescence imaging (NIR-FI), confocal microscopy,
laser speckle contrast imaging (LSCI), spectral imaging and optical coherence tomography
angiography (OCTA) [17-21]. Although NIR-FI owns significant dominance in imaging speed,
field of view (FOV) and operation, its spatial resolution and SNR are still insufficient for precisely
identifying the lesion region, especially within the strong optical scattered tissues. The in vivo
confocal microscopy possesses unbeatable spatial resolution with limited FOV and temporal
resolution, prevents it from visualizing the dynamic changes of BBB permeability. Other optical
imaging modalities, such as LSCI and spectral imaging are lack of the depth resolved capability.

Based on PA effect, PAI reconstructs the image by detecting the ultrasound signal generated by
the optical absorption of the target, simultaneously possessing the abundant contrast and spectral
features of optical imaging and deep imaging depth of ultrasound imaging [22,23]. Due to its
unique superiority in visualizing blood vessels, PAI has been widely exploited to investigate the
vascular aberrations result from cerebral diseases [24—28]. Besides, the novel mechanism of
optical absorption also enables PAI have a promising prospect in in vivo monitoring the BBB
disruption, especially when combined with the specific CA [29]. As demonstrated in previous
reports, photoacoustic computed tomography (PACT) and acoustic resolution photoacoustic
microscopy (AR-PAM) have been reported for monitoring the impaired BBB induced by cerebral
diseases with considerable penetration depth [30-32]. However, the limited spatial resolution
prevents it capability of precisely evaluating the BBB disruption and disclosing the abnormal
microvasculature.

To better address these issues mentioned above, as shown in Fig. 1, we proposed a high-
resolution dual-wavelength photoacoustic microscopic modality that allows us simultaneously
capture the microvascular network and distribution of leaked CA within whole cerebral cortex
in rodents, providing more comprehensive information about BBB disruption and cerebral
diseases. When compared with conventional NIR-FI, it displays a more superior capability in
spatial resolution and SNR for in vivo visualizing the BBB disruption. Based on the proposed
methodology, we firstly investigated the local BBB disruption in mice and large-scale BBB
disruption in adult rats, respectively. Furthermore, quantitative analysis of distribution and
concentration of the leaked CA was conducted at different time points, revealing that the local
BBB disruption in mice is gradually deteriorating within 4 hrs post model. In addition, we
further investigated the reversibility of mentioned BBB disruption, which demonstrates that
local disruption in mice is irreversible while the large-scale disruption in rats is reversible. In
summary, the observed results indicate that the proposed PA method has promising prospect in
the investigation of BBB disruption.
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Fig. 1. High resolution visualization of BBB disruption based on dual-wavelength pho-
toacoustic microscopy (OR-PAM). (A) An experimental animal with disrupted BBB is
administrated with exogenous CA via tail vein. (B) The CA penetrates the disrupted BBB
into the brain parenchyma within the lesion region. (C) Schematic diagram of the distribution
of the leaked CA around aberrant blood vessels. (D) The PA images of microvasculature
(left) and distribution of leaked CA (right) obtained from a mouse with disrupted BBB.

2. Materials and methods

All the experimental protocols were approved and supervised by the Animal Ethics Committee
at the Southern University of Science and Technology (SUSTech). Before surgery, all animals
were kept in an environmentally controlled breeding room with adequate food and water, and a
12-hour light-dark interval.

2.1.  Animal preparation

Hot water stimulation. This model is further improved from previous reports [33,34]. Briefly,
female BALB/c mice (8-10 weeks old, 20-30 g) were deeply anesthetized by intraperitoneal
injection of chloral hydrate (50 mg/ml, 5 ml/kg) and then placed into a homemade stereotactic
frame. Body temperature was continuously monitored and maintained at 37.5 °C with a self-
feedback heating pad. An incision over the midline of scalp was cautiously made, followed with
the exposure of the skull by removing superficial fascia with sterile cotton swabs. Subsequently,
dental cement was applied to cover the whole skull, only leaving an exposed region with a
diameter of 2 mm in the right hemisphere. Finally, the exposed region was treated with hot water
droplets for ten minutes, at a rate of 0.03 mL/s and a temperature of 50°C. These treated mice
were further divided into two groups: 1) Model group: mice were injected with CA solution
via tail vein immediately post hot water stimulation and were imaged with OR-PAM and NIR-II
fluorescence systems before and 1 hr, 2 hrs, and 4 hrs post the injection. 2) Model_24 h group:
mice were injected with CA solution via tail vein 24 hrs post the hot water stimulation and were
imaged 4 hrs after the injection.

Intracarotid perfusion of mannitol. Female SD rats (8-10 weeks old, 220-250 g) were deeply
anesthetized by intraperitoneal injection of chloral hydrate (50 mg/ml, 5 ml/kg) and placed into a
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commercial stereotactic frame. All rats were further divided into three groups: model group,
sham-operated group, and control group. 1) Model group: rats were administrated CA solution
via tail vein immediately after intracarotid perfusion of mannitol; 2) Sham-operated group: rats
were administrated CA solution via tail vein immediately after separation of carotid artery;
3) Control group: rats were ipsilaterally perfused with mannitol but injected with equivalent
physiological saline. Specifically, the unilateral BBB disruption was induced by perfusion of
mannitol through the left carotid artery, as described in previous reports [35-37]. Briefly, a
2-3 cm vertical incision was made from the suprasternal notch to below the chin. After separation
of the subcutaneous muscle and membranes, the common carotid artery (CCA), the bifurcation of
internal carotid arteries (ICA) and the external carotid artery (ECA) were exposed. A polyethylene
catheter (PE 10) was inserted into the ECA toward the bifurcation, following the clipping of
CCA and ECA. Then, the hyperosmolar mannitol solution (25%, 2 ml) was injected into left
hemisphere through released ECA with a rate of 0.033 ml/s. After perfusion, the proximal stump
of the ECA was tightly ligated and the proximal stump of the CCA was released. These treated
rats were further divided into model group and model_24 h group to verify the reversibility of
the model. 1) Model group: rats were injected with CA solution via tail vein immediately post
the perfusion. 2) Model_24 h group: rats were injected with CA solution via tail vein 24 hrs post
the perfusion. Before imaging, a craniotomy was performed for all rats, then the exposed cortex
was imaged with OR-PAM and NIR II fluorescence systems.

2.2. Imaging system

All data in this study are derived from a commercial OR-PAM system (VIS-50-NIR, PAOMTek
Inc., Chengdu) and a commercial NIR-II system (Series IIT 900/1700-D NIR-II, Yingrui, Suzhou).
The schematic of the OR-PAM system is shown in Supplement 1. As depicted by the absorption
spectra, the hemoglobin and CA have strong absorption at 532 nm and 810 nm, respectively
(Supplement 1). Hence, lasers with these two wavelengths are used as excitation sources to
capture the blood vessels and distribution of CA within cerebral cortex. The OR-PAM syetem
has an imaging speed of 20 s with a circular imaging domain of up to 10 mm in diameter. And
the systemic lateral, axial resolutions and imaging depth are about 10 pm, 110 pm, and 800um,
respectively. For in vivo fluorescence imaging, the NIR-II system provides a lateral resolution of
30 um and a 500 ms exposure time is chosen to evaluate the distribution of CA.

2.3. Exvivo assessment

Evans Blue injection. Post BBB disruption, the azo dye solutions (Evans Blue, 2%, 0.1 ml for
mice and 1.2 ml for rats, respectively) were slowly injected via tail vein. The ex vivo brains were
taken from rats and mice 4 hrs post the injection of azo dye and used to further validate BBB
disruption based on the leakage of Evans Blue.

Pathological examination of brain section. Post BBB disruption, mice and rats were deeply
anesthetized with isoflurane and then decapitated. The brains were quickly removed from the skull
and immediately placed into ice-cold 4% paraformaldehyde universal tissue fixative (Biosharp,
Anhui). The ex vivo samples were further fixed with 4% paraformaldehyde. Subsequently,
the samples were trimmed, dehydrated, embedded, sectioned, stained, and mounted in strict
accordance with the Standard Operation Procedure (SOP) of the pathological experiment.
The slice images were collected by a panoramic slice scanner (CaseViewer2.4, 3DHISTECH,
Hungary), and the results were generated by a scanning and browsing software (PANNORAMIC
DESK/MIDI/250/1000, 3DHISTECH, Hungary).

2.4. Contrast agent preparation

The contrast agent was composed of a previously used semiconducting polymer (SP2) and a
commercial NIR-II fluorescent dye (TTQ-F), functionalized with a lipid-polyethylene glycol (PEG)
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molecule, 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-
2000] (DSPE-PEGjgg9) [29]. The SP2 polymer was synthesized according to the procedure
described in previous reports [38,39]. The TTQ-F was purchased from Biodrvier Technology
inc. (Shanghai, China). The DSPE-PEG,oo was purchased from Nanocs (USA). The chemical
structure and absorption spectrum of SP2 and TTQ-F were shown in Supplement 1.

The process started with the preparation of a THF solution (1 mL) containing SP2 (0.5 mg),
TTQ-F (0.5 mg) and DSPE-PEG;(( (2 mg). The THF solution was then added to 9 mL of double
distilled (DD) water and sonicated continuously for 2 minutes with a probe sonicator at 75 W
output. THF was removed through dialysis against DD water for 2 days, and the solution was
filtered through a 0.2 pm syringe filter to yield nanoparticles suspended in water.

After the above steps, SP2 and TTQ-F would be encapsulated by DSPE-PEGqqq into water-
soluble core-shell nanoparticles. Since SP2 and TTQ-F have strong absorbance at 810 nm, we
ultimately obtained a photoacoustic/red-emitting dual-modal CA.

2.5. Data analysis

All photoacoustic images were reconstructed using a custom-built script in MATLAB 2016b
(The MathWorks, USA). All statistics graphs were generated by GraphPad Prism 6 (GraphPad
Software Inc., USA). When calculating the distribution of leaked CA, the region with uniformly
distributed CA was manually selected, and distribution was derived by calculating the number
(N1) of pixels within the selected region. When calculating the concentration of leaked CA, an
appropriate threshold was chosen to filter out of background noise. Then, number (N2) of CA
was calculated by counting the pixels with larger amplitude than threshold within the selected
region. Finally, the concentration (C) of leaked CA can be calculated as:

N2
C=—
N1

3. Results

3.1. In vivo evaluation of local BBB disruption in mouse with intact skull

We firstly evaluate the feasibility of PA methodology by in vivo monitoring the local BBB
disruption in the mouse with unilateral hot water stimulation. Figure 2(A) presents the merged
PA images of the cortical microvasculature and CA distribution obtained before and 1 hr, 2 hrs, 4
hrs post the CA injection, in which the gray color represents the microvasculature, and hot color
indicates the CA distribution. As shown in Fig. 2(A)(i), we can only obtain the information of
microvasculature without CA injection, although local BBB disruption has been successfully
induced within the right hemisphere. But post the injection, we can clearly observe that the
leaked CA, in terms of range and amount, is gradually accumulating within the local region in
the right hemisphere, which indicates that the BBB disruption is dynamically changing post hot
water stimulation, as shown in Figs. 2(A)(ii-iv). To further verify the accuracy and superiority of
the PAI method, conventional NIR II fluorescence imaging was also performed for the same mice
at the corresponding time points. As shown in Figs. 2(B)(i-iv), the variation tendency of the
leaked CA revealed by fluorescence imaging is well consistent with that of PA imaging, proving
the validity of our proposed method. Figure 2(C) presents a typical photograph of an ex vivo brain
taken from a mouse with unilateral hot water stimulation 4 hrs post the injection of Evans blue.
The leakage of Evans blue within lesion region also provides a solid support for the accuracy of
PA method. Figures 2(D)-2(F) are the close-up views of the lesion region indicated by white
dotted circles in Fig. 2(C), Fig. 2(B)(iv), and Fig. 2(A)(iv), respectively. It is obvious that the PA
image can provide more detailed information of BBB disruption and microvasculature, when
compared with that of fluorescence image and in vitro evaluation.
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Fig. 2. In vivo PA evaluation of local BBB disruption in the mouse with intact skull. (A)
The merged PA images of microvasculature and CA distribution in a mouse with hot-water
stimulation. (i-iv) Images were obtained before and 1 hr, 2 hrs, 4 hrs post CA injection.
(B) NIR II fluorescence images of CA distribution within the same mouse obtained at
corresponding time points. (C) Photograph of an ex vivo brain taken from a mouse with
hot-water stimulation 4 hrs post injection of Evans blue. (D) Magnified photograph of the
region marked with a dotted circle in C. (E) Magnified image of the lesion region marked
with a dotted circle in B (iv). (F)Magnified image of the lesion region marked with a dotted
circle in A (iv).

To better illustrate the performance difference between PA and fluorescence imaging, two
profiles were derived from Figs. 2(E)-2(F) at corresponding locations marked by white dotted
lines, as shown in Fig. 3(A). The black and gray curves present profiles extracted from fluorescence
and PA images, respectively, which indicates that PA methodology possesses a better spatial
resolution. Besides, we also conducted quantitative analysis of the signal-to-background ratio
(SBR) of the two images, as shown in Fig. 3(B). It can be clearly observed that the SBR of PA
methodology is superior to that of fluorescence image.

In addition, we further investigated the time dependence of BBB disruption by quantitatively
analyzing the dynamic changes of CA distribution and concentration, representing the range and
severity of BBB disruption, respectively. Figure 3(C) presents the statistical data of distribution
range of the leaked CA, in which the black and gray histograms are derived from fluorescence and
PA images, respectively. The results demonstrate that CA distribution is gradually increasing but
with a reduced speed within 4 hrs, and the corresponding increments are 78%, 22% in the first
and second two hours, respectively, which indicates the region of BBB disruption will gradually
stabilize. Figure 3(D) presents the quantitative analysis of the concentration of the leaked CA in
both control and treat hemispheres. Accordance with CA distribution, the concentration in the
treated hemisphere increases immediately after CA injection with a higher accumulated rate. For
instance, the concentration of CA increased by 42% in the first two hours, while the increment
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Fig. 3. Quantitative analysis of both PA and fluorescence images. (A) Profiles derived from
the locations indicated by white dotted lines in Figs2. E-F, respectively. (B) Normalized SBR.
(C) Quantitative analysis of the CA distribution in the treated side of NIR II fluorescence
images and PA images, respectively. (D) Quantitative analysis of the CA concentration in
the treated and control sides of PA images. Data represent as mean with s.d. (n= 3 for all
groups). FL., fluorescence; PA., photoacoustic.

in the second two hours remained at 58%, revealing that the severity of BBB disruption was
gradually deteriorating within 4 hrs. On the contrary, the concentration of control hemisphere
with intact BBB scarcely changes.

3.2.  Evaluation of large-scale BBB disruption in rat

To validate the extensive applicability of the PA methodology, we investigated the large-scale BBB
disruption in adult rats treated with unilateral carotid arterial perfusion of hyperosmolar mannitol.
Figures 4(A)(i-iii) denote the merged PA images of the microvasculature and leaked CA in the
cerebral cortex captured at 24 hrs post the injection. As shown in Fig. 4(A)(i), distribution of the
leaked CA in the treated hemisphere of the model group is significantly higher than that of the
contralateral hemisphere, especially in the marginal regions of cerebral cortex. When integrated
with distribution of microvasculature, we can notice that the leakage of CA is more concentrated
in terminal vessels away from sagittal sinus. We can infer that the BBB integrity of micro-vessels
may be more prone to collapse than that of mesoscopic vessels under acute hyperosmotic
environment. Interestingly, there also exists slight leakage in the control hemisphere, revealing
that a weak BBB disruption has also been triggered simultaneously. A possible explanation is
that the perfused mannitol fully mixed with blood after cardiac circulation, which increased the
global osmotic pressure of microvascular system, eventually resulted in moderate disruption
of BBB integrity in the right hemisphere [40,41]. Figures 4(A)(ii) demonstrates that there
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exists no significant distribution of CA in the bilateral hemispheres of the sham-operated group,
which is well consistent with the intact BBB of rats in the sham-operated group. As predicted,
although BBB integrity of left hemisphere has been destroyed in the control group, we cannot
extract any information related to BBB disruption due to the lack of CA injection, as depicted in
Fig. 4(A)(iii).

m— Model group
Sham-operated group
mmm Control group

2mm

L.I R

—Model group
Sham-operated group

s Control group

00

Intensity (.u.) Intensity (a.u.)

Fig. 4. In vivo PA evaluation of large-scale BBB disruption in the rat induced by carotid
arterial perfusion of mannitol. (A) The PA images of microvasculature and CA distribution
obtained 24 hrs post the injection in rats with exposed cortex. (i-iii) Images were obtained
from model group, sham-operated group and control group, respectively. (B) NIR II
fluorescence images obtained in corresponding rats. (C) Photographs of ex vivo brains
taken from corresponding rats 24 hrs post the injection of Evan blue. (D) Quantitative
analysis of the CA distribution in the left and right hemispheres from PA images. (E)
Quantitative analysis of the CA concentration in the left and right hemispheres from PA
images. Data represent as mean with s.d. (n= 3 for all groups). L.H., left hemisphere; R.H.,
right hemisphere.

Fluorescence images were also obtained in corresponding rats to further verify the findings
mentioned above, as shown in Figs. 4(B)(i-iii). Well consistent with PAI, CA appears to accumulate
significantly in the perfused hemisphere of model group, while it is almost undetectable in
contralateral hemisphere. On the contrary, distribution of CA in both hemispheres of sham-
operated group shows no obvious difference, and mainly accumulates in several mesoscopic
vascular branches. As shown in Fig. 4(B)(iii), the fluorescence image obtained from the control
group is almost vacant, providing no information accessing to BBB disruption. Figures 4(C)(i-iii)
present the typical photographs of ex vivo brains taken from rats of three groups 24 hrs post the
injection of Evans blue, which are presented for the purpose of validating whether the BBB is
intact or disrupted.

We further carried out quantitative analysis of the distribution and concentration of the
leaked CA to better illustrate the significant difference of BBB disruption among three groups.
Figure 4(D) presents the normalized distribution range of CA in each hemisphere. We can
observe that the distribution range of the treated hemisphere in the model group is about 3.7 times
higher than that of the contralateral hemisphere. Apart from the model group, both hemispheres
of sham-operated group possess the similar distribution range which is a quarter of the treated
hemisphere. Besides, distribution range of control group only remains at 3% compared with
that of the model group, which may result from the absorption of 810 nm laser by blood vessels.
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Figure 4(E) shows the normalized concentration of CA over the corresponding hemispheres.
As expected, the treated hemisphere in the model group owned the highest concentration of
CA, indicating the most severe BBB disruption has been induced over that region. A lower
concentration in the control hemisphere is also well consistent with the weaker BBB disruption
as discussed above. The calculated concentration of another two groups is also negligible
compared with that of the treated hemisphere in the model group. Hence, both the images and
quantitative analysis demonstrate that the proposed PA methodology can be well applied to
evaluating large-scale BBB disruption.

3.3.  Reversibility of BBB disruption

As shown in Fig. 5, we further assessed the reversibility of two distinct BBB disruption by
comparing the severity of CA leakage within 24 hrs and 48 hrs post the establishment of the
model. As depicted in Figs. 5(A)(i-ii), the merged PA images indicate that local BBB disruption
in mice has been successfully induced within the treated side in both groups. Figures 5(B)(i-ii)
show the close-up views of the treated region marked by white dotted circles in Figs. 5(A)(i-ii),
respectively. Figure 5(C) presents the corresponding fluorescence images in same rats, which
agrees well with the results in Fig. 5(A). The comparison of CA leakage of both hemispheres in
model_24 h group is presented in Fig. 5(D), which reveals that both distribution and concentration
of leaked CA in the treated side are far beyond that of the control side (around +64%, +72%,
respectively). When compared with model group, it exhibits a similar distribution (around +1.4%)
and concentration (around +6.7%) of the leaked CA in the treated side, which indicates that the
rate of CA release maintains at a constant level within 48 h, reflecting the BBB disruption induced
by hot water stimulation is probably irreversible. On the contrary, the phenomenon observed in
rats with unilateral carotid arterial perfusion of hyperosmolar mannitol is diametrically distinct.
As shown in Figs. 5(F)(i-ii), although leaked CA in the treated side of model_24 h group appears
to be higher than that of the control side, it remains at a relatively low level when compared
with that of the model group, which is well verified by the fluorescence images presented in
Figs. 5(G)(i-ii). Additionally, as shown in Fig. 5(H), both two quantitative parameters in the
treated hemisphere are obviously higher than that of the control hemisphere (around +62% and
+50.8%, respectively), which indicates a BBB disruption has been induced in the treated side. It
is worth noting that although the treated hemisphere of model_24 h group possesses a similar
distribution region (around +5%), the CA concentration is far from comparable (around +59.2%),
when compared with that of the model group. This phenomenon demonstrates that the BBB
disruption induced by unilateral carotid arterial perfusion of hyperosmolar mannitol is gradually
recovering within 48 h, which agrees well with the previous reports [42,43].

3.4. Pathological analysis of the lesion region

Supplement 1 presents the pathological images of coronal planes that across the lesion regions
in both mouse and rat. As shown in Supplement 1, significant tissue defect can be observed in
the treated hemisphere, and brain tissue around the defect appears slight structural looseness,
accompanied with vast small cavities (red arrow) and enlarged neuronal gap (yellow arrow). The
pathological result indicates that permanent damage is induced by hot water stimulation within
the lesion region, which maybe a potential explanation for the irreversibility of BBB disruption
in mouse. On the contrary, there exists no obvious difference between the two hemispheres
in the rat as shown in Supplement 1. And the close-up views indicates that tissue within the
lesion region presents normal pathological morphology, in terms of compact structure and proper
neuronal gap [43]. We can conclude that hyperosmotic mannitol induces acute BBB disruption
but without significant tissue damage, which makes it possible for the recovery of BBB integrity.
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Fig. 5. Reversibility of BBB disruption. (A) Merged PA images of the microvasculature
and CA distribution in mice. (B) Magnified images of the region indicated by dotted circles
in A(i-ii). (C) NIR II fluorescence images, (i) model group. (ii) model_24h group. (D)
Quantitative analysis of the CA distribution and concentration of control and treated sides in
the model_24 h group. (E) Quantitative analysis of the CA distribution and concentration of
the treated side in model and model_24 h groups. (F) Merged PA images of microvasculature
and CA distribution in rats. (G) Corresponding NIR II fluorescence images, (i) model group.
(ii) model_24 h group. (H) Quantitative analysis of the CA distribution and concentration
of control and treated sides in the model_24 h group. (I) Quantitative analysis of the CA
distribution and concentration of the treated side in model and model_24 h groups. Data
represent as mean with s.d. (n= 3 for all groups).
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4. Discussion

A wide range of cerebral diseases are tightly associated with impaired BBB and abnormal
microvasculature. The dynamic nature of cerebral diseases leads to the variation of these
two affected structures at different time points. Therefore, precisely measuring these two
structures can provide comprehensive information related to pathology of cerebral diseases,
allowing us to distinguish the “tissue-at-risk” from normal tissue. Over the past decades, various
imaging techniques have been exploited to evaluate BBB disruption by measuring the leakage of
BBB nonpermeable tracers in both clinical and preclinical stages. Regrettably, these imaging
methodologies usually suffer from either low resolution, limited FOV or lack of depth resolved
information [6,20,44—46]. Besides, few of them can provide detailed messages access to distorted
microvasculature, which is another crucial characteristic related to cerebral diseases [20,45].
Here, we proposed a dual-wavelength photoacoustic imaging methodology for in vivo visualizing
the changes of microvasculature and BBB permeability within the lesion region. To verify the
superior capability of our proposed methodology, we firstly performed experiments in mice
with local BBB disruption. As discussed in section 3.1, the PA method allows to measure the
microvasculature and BBB disruption with more superior capabilities in spatial resolution and
SBR when compared with conventional fluorescence imaging. By combining with quantitative
approach, this method is further applied to reveal distinct features of BBB disruption.

Increased BBB permeability does not exist only as a side effect, it can also be applied as
an effective tool in the treatment of cerebral diseases [47,48]. As previously reported, BBB
integrity could be artificial disrupted by diverse techniques, such as highly focused ultrasound,
photochemical internalization (PCI) and photodynamic therapy (PDT), for enhancing drug uptake
in targeted region to realize brain disease therapy [49-51]. However, the artificial BBB opening
only maintains a short time-window, and its severity changes significantly as time goes on [52].
Hence, it is vital to monitor the time course of BBB opening for determining the optimal time
for drug release. To illuminate the continuous imaging capability of our PA technology, we
further examined the time-dependence of BBB disruption in mice by quantitatively measuring the
distribution and concentration of the leaked CA at four different time points. We observed that
the increasement of CA distribution in the first two hours is about 3.8 times larger than that of the
second two hours. While, increasement of CA concentration in second two hours is 1.38 times
large than that of the first two hours, indicating that although the extent of BBB disruption tends
to be stable, its severity is gradually deteriorating within 4 hours. We also noticed that the leakage
of CA in the second day post the establishment of the model is comparable with that of the first
day. A possible explanation could be that BBB disruption induced by hot water stimulation is
irreversible, which may result from the permanent tissue damage in the lesion region. Secondly,
we further conducted experiments to test the applicability of the PA methodology in evaluating
large-scale BBB disruption induced by hyperosmolar mannitol. As presented in section 3.2, we
observe that the leaked CA is more concentrated in cerebral regions away from the sagittal sinus.
We can infer that BBB integrity of different vessels is distinct, and micro-vessels is more easily
to collapse than mesoscopic vessels within the acute hyperosmotic environment. Besides, we
observe that the distribution of the leaked CA in the second day is similar to that of the first day
(around +£5%), but the concentration is significantly decreased (around +59.2%). A potential
explanation is that the effect of hyperosmotic environment on BBB permeability is modest and
reversible, allowing the BBB to gradually return to normal condition within 2 days.

Although this study demonstrates the superior capability of the proposed dual-wavelength OR-
PAM in evaluating BBB disruption, there are further improvements to optimize the methodology.
Firstly, it is possible to enhance its capability in acquiring information along depth direction
by using a longer wavelength laser. The imaging depth is less than 1 mm in this study, only
making it accessible to superficial cortex. However, the BBB disruption resulting from cerebral
diseases does not only exist in cortex, but also in several deep brain regions, such as hippocampus,
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amygdala and cerebellum [12,53-55]. By combining longer wavelength laser (e.g., NIR II) with
corresponding CA, a higher imaging depth beyond cortex could be achieved. In addition, it is
possible to exploit dual-modality photoacoustic imaging system that integrates PACT with existing
OR-PAM, simultaneously realizing high resolution cortical evaluation and high-depth coronal
plane evaluation. A desired imaging depth at centimeter scale allows us realize whole-brain
evaluation of BBB disruption in fundamental brain studies.

Secondly, functional parameters related to blood flow need further exploration to investigate
the constitutive relationships among microvasculature, BBB disruption and cerebral diseases.
Normal blood flow within the brain is well controlled by metabolic demands to execute normal
physiological activities. Generally, cerebral diseases are also tightly associated with abnormal
blood flow, in terms of decreased hemoglobin oxygen saturation, impaired blood supply and
distorted microvasculature. Further analyzing approaches need to be established to extract the
flow velocity of targeted vessels. In addition, multispectral PA methodology can be exploited by
introducing other wavelengths (e.g., 540-560 nm) to calculate the oxygen saturation inside the
lesion region, allowing us to analyze the regional metabolic abnormality induced by cerebral
diseases. With the assistance of extra messages mentioned above, we can better investigate the
correlation between abnormal microvasculature and BBB disruption, making it more suitable to
understand the pathogenesis of cerebral diseases.

5. Conclusion

In this work, we proposed a dual wavelength PA microscopic methodology for in vivo visualizing
the BBB disruption and distorted microvasculature induced by cerebral diseases. By comparing
with conventional NIR-II fluorescence imaging, we verified its superior capability in SBR and
spatial resolution. Additionally, we further applied this technique to evaluate the local and
large-scale BBB disruption within distinct model, successfully revealing their time dependence
and reversibility, respectively. These results demonstrate that the proposed PA method is a
promising tool for in vivo investigation of the changes in BBB permeability and microvasculature
associated cerebral diseases.
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